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ABSTRACT: Bismuth telluride (Bi2Te3) based semiconductor is one of the typical inorganic thermoelectric (TE) materials with excellent 
energy conversion efficiency, but the intrinsic brittleness severely limits its mechanical performance for further application of long-term 
reliability and wearable devices. To understand the recent mechanical improvement of the ductile and flexible inorganic TE materials at 
atomic scales, here we use molecular dynamics simulations to intuitively illuminate the enhanced shear deformability and performance 
stability of brittle Bi2Te3 crystal through the tailored effects of surfaces. We reveal that the peculiar micro-behavior origins from the layered 
hierarchical bonding structure with weak but reversible Van der Waals force, namely a sacrificial bond, between Te1-Te1 adjacent layers. The 
synergetic evolution of local structures including sacrificial bonds and strain-induced defects tends to partly compensate for the mechanical 
degradation caused by structure softening during shearing, achieving a relatively large strain before cleavage. The inspired engineering 
strategy on synergistically optimizing bonds and defects opens a pathway for designing multi-scale hierarchical inorganic TE materials with 
excellent overall performance.  
KEYWORDS: Bi2Te3 thermoelectric semiconductor, sacrificial bonds, lattice defects, shear deformation, mechanical performance. 
1.  INTRODUCTION  
Thermoelectric (TE) conversion technology is one of the 
potential solutions to the current energy crisis, and the efficiency is 
measured by the figure of merit    (     ) , where S, σ, Κ, 
and T are Seebeck coefficient, electrical conductivity, thermal 
conductivity and absolute temperature, respectively.1, 2 Driven by 
the concept of “Phonon glass Electron crystal”,3, 4 high   usually 
requires characteristic microstructure in inorganic solid materials.1, 
5, 6 A typical example is Bi2Te3,2, 7-9 the state-of-the-art commercial 
TE semiconductor at room temperature with a layered hierarchical 
bonding structure (HBS)10-12. As a rhombohedral crystal  ̅ , its 
hexagon unit cell comprises three Te1-Bi-Te2-Bi-Te1 quint 
substructures along the [0001] axis where Bi-Te2 and Bi-Te1 
bonds are covalent, while the quints are weakly coupled via Van der 
Waals force (VdW) between the adjacent Te1 layers (Figure 1a). 
Although the anharmonicity and anisotropy derived from the 
inherent structure are crucial for TE property,1, 13, 14 the intrinsic 
brittleness severely limits its mechanical performance; for instance, 
Bi2Te3 based semiconductors are easy to cleave if under undesired 
loads such as tension or shear. This results in the general problems 
of long-term reliability of TE materials and devices.15-17 And for 
many other brittle TE semiconductors such as SnSe, the 
application of mass production is even challenging to date. Besides, 
the poor ductility will hardly meet our recently growing demand of 
wearable application.18, 19 Therefore Bi2Te3 energy material still calls 
for a comprehensive improvement in both thermoelectricity and 
mechanics. 
All-scale hierarchical architecture has been proved to be a good 
prototype to achieve high   ,20, 21 while it can also enhance strength 
and toughness to some extent through defect engineering including 
grain refinement, crack propagation resistance, etc.16, 22 In particular 
that may advance this idea, the Bi2Te3 alloys obtained by hot 
forging tend to be plastic with relatively enhanced ductility,23 while 
the Bi2Te3-SWCNT composite film is designed for excellent 
bending flexibility and performance stability.24 Other than the 
introduction of various defects and external conditions, the well-
tailored deformability should be related to the layered HBS 
especially VdW. According to our previous researches, though 
weak VdW is mainly responsible for large deformation and fracture 
of Bi2Te3 lattice25-28 as the cumulative disadvantage of structure 
softening with applied loads found in other TE semiconductors,29-33 
it can also be greatly strengthened to form a new covalent Te1-Te1 
bond and triple the shear strength via nanotwinning.34 Moreover, 
inspired by some peculiar behaviors dominated by weak but 
reversible dynamic bonding, namely the dislocation-controlled 
deformation of extraordinarily ductile α-Ag2S semiconductor15, 35 
and the reversible interlayer separation of flexible MoS2 sheet,36 this 
intramolecular dispersion force should belong to the concept of 
sacrificial bonds (SB) concerned in artificial polymeric and natural 
materials with excellent mechanical properties.37-39 Due to the 
nature of adaptability and self-healing, SB in these hierarchical 
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Figure 1. Deformation behavior of ideal crystal Bi2Te3. (a) Bi2Te3 layered hierarchical bonding structure. (b) The stress-strain relationships under 
shear deformation along various slip systems. Atomic configurations within (    )〈  ̅  〉 slip system, i.e. PPP model: (c) initial structure before 
shearing, (d) structure at 0.053 strain with a stacking fault (SF) forming, (e) structure at 0.08 strain with more stacking faults on different Te1 layers, 
and (f) structure at failure stain 0.2 with a cleavage (CL). The Te1 adjacent layers bonded by VdW are labeled as “V1-V6” along z axis. 
strictures can break and reform dynamically during deformation, 
providing a microscopic, reversible, energy-dissipation mechanism 
to strengthen/toughen materials.37, 40 Since both SB and strain-
induced defect involve VdW breakage in Bi2Te3 HBS, is there any 
sophisticated interaction between them accounting for the stated 
improvement of mechanical performance23, 24? 
In this work, we investigate the relations of layered HBS and 
mechanical behavior of Bi2Te3 under large shear deformation using 
molecular dynamics (MD) simulations. Given the tailored effects 
of surfaces, the synergetic evolution of local structures including SB 
and strain-induced defect is demonstrated to understand the 
adjustable deformability of this complex semiconductor, probably 
providing pathways of inorganic TE material design for excellent 
overall performance. 
2. METHODOLOGY  
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3 
The Bi2Te3 shear deformation at room temperature is simulated 
using MD codes LAMMPS41 with our newly developed potential 
that has been confirmed to be a reasonable abstraction of HBS to 
capture the anharmonicity and anisotropy in mechanics and 
thermotics.28 For the ideal crystal simulation, periodic boundary 
conditions are applied in all the three directions in a Cartesian 
representation, which is named as PPP model where “P” stands for 
periodicity. To illuminate the role of surfaces, particularly the 
finite-size effect of the observed ultrafine grains (e.g. 5-20 nm) in 
high-performance Bi2Te3 materials,7, 8, 23 only two directions are 
periodic, while free boundary conditions are adopted in the other 
one, for example, the PSP model where “S” stands for surface 
(Figure S1). All the models are uniformly cubic with side length of 
6 nm. The Cartesian z axis is taken along [0001] crystallographic 
direction with the basal slip plane (0001) corresponding to xy 
plane. For the sake of discussion, the Te1 adjacent layers bonded 
by VdW are labeled as “V1-V6” along z axis in Figure 1c.  
After configuration relaxation, the shear loading is implemented 
by moving the specified layers with a constant velocity of 0.06Å /ps 
in the y direction (e.g. also the [  ̅  ] direction in PPP and PSP 
model discussed later; the details of MD modeling can be found in 
Figure S1). This procedure continues until Bi2Te3 crystal ultimately 
shows fracture in the predicted configuration. One should note that 
for convenience of microstructure identification during 
deformation, the strain-induced defects especially the stacking fault 
(SF) will be shown in xz rather than yz cross section as discussed in 
Figure S2.  
The size effect of adopted models is also taken into 
consideration (Figure S3 and S4), and all these results demonstrate 
a characteristic local deformation involving the synergetic 
evolution we are concentrating on. In addition, Bi2Te3 nanocrystals 
with larger sizes likely lead to heterogeneous deformation such as 
micro-crack between Te1-Te1 layers, which may act as an 
undesired cumulative disadvantage of mechanical degradation. 
This in turn reveals the possible advantage of the very small size of 
ultrafine grains on the mechanical improvement of high-
performance Bi2Te3 materials. 
3. RESULT AND DISCUSSION  
3.1 Ideal Crystal. Considering the layered hexagonal closed-
packed Bi2Te3 with (0001) cleavage plane, we first examine the 
deformation of ideal crystal along the plausible basal slip systems of 
(    )〈  ̅  〉 , (    )〈 ̅  ̅ 〉 , (    )〈  ̅  〉  and 
(    )〈   ̅ 〉 . In all the four MD models, we find similar 
deformation behavior with the zigzag-like stress-strain response 
(Figure 1b). Take (    )〈  ̅  〉 system as an example (e.g. PPP 
model), whose y axis is along [  ̅  ] direction that can also exhibit 
crystallographic orientation effects for the excellent flexibility in the 
reported Bi2Te3-SWCNT TE composite24. The extracted 
configurations (Figure 1c-f) illustrate that VdWs between Te1 
layers should be responsible for these approximately periodic stress 
releases (e.g. multiple peaks) with, however, only few changes in all 
the covalent bonds (Figure 2b). At critical shear stress, parts of 
VdWs break to form SF rather than to directly cleave along the 
planes until failure strain of 0.2 when a cleavage eventually appears 
between V1 layers. This also means, due to the sacrifice of VdW to 
partly suppress cleavage during slipping, the Bi2Te3 lattice can hold 
integrity and bear more strain. It seems to be a sophisticated 
evolution against the stated cumulative disadvantage of structure 
softening that could easily lead to strain localization and brittle 
failure of TE semiconductors under loads, i.e. bond weakening (in 
local configurations), structural softening, …, further weakening 
and breakage of bonds, further structural softening, …, fracture. 29-
33 However, for better understanding of the micromechanics in 
Bi2Te3 HBS, the combined information of configuration, energy 
and stress is necessary. 
Primarily, when VdW breaks during defect nucleation, micro-
crack or cleavage, this SB behavior can dissipate energy with a 
theoretical limit of 216 mJ/m2 according to the adopted potential, 
which may even be a repetitive process for the timely formation of 
dynamical bonding to Te1 atoms nearby (e.g. self-healing). Serving 
as perturbation to load response of the highly ordered structure in 
the initial state, the induced configuration rearrangement together 
with the energy and stress redistribution will likely adjust the 
current and subsequent lattice deformation. And in the following 
discussion on structural evolution, we will mainly focus on the 
strain-induced defects such as SF and corresponding dislocation, 
which are directly related to VdW bond behavior during slipping 
and can be tuned by other lattice defects like the preset surface. 
 
Figure 2. Local deformation within (    )〈  ̅  〉 slip system in ideal 
crystal: (a) Te1 atomic trajectory with allowed Burgers during slipping. 
(b) The coordination number for the paired atoms, while the 
corresponding configurations at point a, b, c and d are shown in Figure 
1c-f. 
As displayed in Figure 1 and 2, all the MD simulations clarify an 
energy favorable Te1 atomic trajectory by dislocation reaction of 
 
 
[  ̅  ]  
 
 
[  ̅  ]  
 
 
[  ̅  ] during slipping, in accord with 
the result that (    )〈  ̅  〉 slip system has the lowest critical 
shear stress of 0.57 GPa (e.g. first peak). The slidable Te1 atoms 
are always dynamically bonded to the three Bi atoms and three Te1 
atoms in adjacent layers (e.g. ideal coordination number of 
undeformed Bi-Te1 or Te1-Te1 should be 3), similar to that of 
ductile α-Ag2S semiconductor for holding structural integrity15, 35. 
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Figure 3. Deformation behavior of nanocrystal Bi2Te3 along (    )〈  ̅  〉 system with surfaces normal to [  ̅  ] direction. (a) The stress-strain 
relationships with and without surfaces, i.e. PSP and PPP model, respectively. (b) The related energy of the whole lattice and parts of deformed Te1 
layers. (c) The extracted configurations of deformed Te1 layers at point a, b and c. (d) The corresponding Te1-Te1 coordination number of 
deformed layers. 
As observed in experiment samples,24, 42 stable SFs also appear and 
hold ultimately in this simulated deformation, providing evidence 
of the cleavage suppression and the probable high defect density for 
dynamic recrystallization initiation.23 Meanwhile in the faulted Te1 
layers, there is an abrupt drop in VdW bond length of about 8% 
(3.67 to 3.37 Å ), which agrees with our previous research of bond 
strengthening effects by planar defects.34 Likewise, this evolution 
can be measured by a surge of Te1-Te1 coordination number in 
faulted layers. For instance, it suddenly raises from 3 to about 4.7 
and then roughly holds constant after forming a stable SF on V2 
layers at 0.053 strain (Figure 1d and 2b). By contrast, the bond 
lengths of Bi-Te1 and Bi-Te2 seem to be unchanged with an almost 
constant coordination number of 3, confirming a local deformation 
where VdW dominates the structural evolution during shearing. 
The corresponding lattice energy of the deformed region reduces 
by over 82 eV (e.g. 350 mJ/m2) to overall measure the VdW bond 
behavior including breaking/reforming (e.g. less absorption in the 
line defects of dislocations) and strengthening (e.g. more release in 
the planar defects of SFs), implying an available energy criterion for 
the SF stability associated to local plastic deformation (LPD) and 
thereby (local) reformation of the distorted HBS in this work. 
Besides, one should note that the newly strengthened bonding 
herein will get less deformable for slipping or self-healing under the 
same load condition. 
At large strain over 0.053, the zigzag-like stress-strain response is 
verified as the identification of alternating slip events. Since defect 
nucleation favors weak bonding with high local stress, a newly 
forming dislocation in Bi2Te3 should spontaneously avoid the 
enabled slip system or plane at present for the related stress release 
and even bond strengthening. As a result, instead of solo VdW 
bonded Te1 layer in charge of all the deformation and fracture (e.g. 
strain localization), there can be more “selective” slips that 
alternately occur on different layers to bear much more strain. For 
instance, after 0.053 strain, since another two planes, i.e. V5 and V6 
layers are enabled by the continuously applied load to slip and 
release stress, the lattice is then further faulted but still integral to 
achieve 0.08 strain (Figure 1d-e). This procedure continues until 
0.2 strain when VdW between specific Te1 layers such as V1 
cannot reform dynamically or get strengthened any longer during 
slipping, leading to the monotonously decreasing Te1-Te1 
coordination number and then a cleavage at last (Figure 2b and 1f). 
As shown in Figure 1b, the critical stress of following peaks at large 
strain decreases probably because of the disorder of further 
distorted lattice (e.g. being favorable sites for following dislocation 
nucleation).43 On the other hand, the induced lattice disorder is 
relatively limited via alternating local deformations in turn. The 
substructures of Bi2Te3 are able to keep nearly the original order 
only except for Te1-Te1 layers, implying a trend of order 
protection in loaded HBS with SB. 
 All the simulated results highlight the role of VdW on the 
sophisticated evolution of local structures of electron and lattice 
(e.g. multi-scale), which can be regarded as the spontaneous 
compensation for the loss of bearing capacity during shearing (e.g. 
Matthew effect of mechanical degradation) by the synergy of SB 
and defect including energy dissipation, bond strengthening, 
selective slip and order protection.  
3.2 Surface Effects. In general, materials with nanoscale features 
can exhibit quite different properties compared with bulk materials 
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Figure 4. Unload behavior of nanocrystal Bi2Te3 along (    )〈  ̅  〉 system with surfaces normal to [  ̅  ] direction. (a) The stress-strain 
relationships in loading and unloading process. (b) The radial distribution function of paired Te1 atoms, i.e. VdW length distribution before loading 
and after unloading. (c) The related energy of the whole lattice and the slipping Te1 layers. (d) The corresponding Te1-Te1 coordination number 
with strain and the local configuration during slipping, while the whole recovered configuration after unloading is displayed in Figure S8. 
and meanwhile grain boundaries influence dislocation 
generation.44-46 Furthermore, given the preceding introduction that 
recent high    Bi2Te3 materials with good mechanical performance 
are usually characterized by ultrafine nanocrystals,7, 8, 23 the effect of 
surface (e.g. low dimension or finite size) on the structural 
evolution is also studied here. In addition to bond weakening by 
surfaces found in our previous MD simulation of Bi2Te3,26, 47 Figure 
S5 indicates the lattice will be most likely to slip along an atomic 
trajectory towards this boundary with fewest bonds to resist 
deformation. For intuitive understanding, we focus on 
(    )〈  ̅  〉 system with surfaces normal to [  ̅  ] direction 
(e.g. PSP model, the analogy of PPP one) as a special case with 
enhanced ability to hold the integrity and order of the main body of 
Bi2Te3 crystal. 
Figure 3a confirms PSP model can slip more easily for the 
reduced shear modulus and critical stress of 11.9 and 0.65 GPa 
compared with PPP model (e.g. 18.6 and 0.9 GPa). And according 
to the equivalence of the angle between the atomic trajectory (e.g. 
allowed Burgers vectors) and the applied load here in 
(    )〈 ̅  ̅ 〉 or (    )〈  ̅  〉 system (Figure 1b and 2a), this 
low critical stress will probably keep almost unchanged unless too 
much induced disorder perturbs the atomic movement, which is 
relatively easy to achieve and maintain the driving force for 
continuous slippage in the given load condition. Meanwhile it 
seems that the preset surfaces have the ability to affect the SF 
formation in view of the synergetic evolution. Compared with ideal 
crystal Bi2Te3, i.e. PPP model, the nanocrystal here can 
accommodate more local deformation due to the movability of 
atoms in the vicinity of surfaces. Under the same load conditions, 
the nanocrystal will bear larger strain of about 0.067 to achieve 
critical shear stress (Figure 3a), while VdW may even break and 
reform without other abrupt changes such as evident contraction 
and strengthening during slipping. Therefore in PSP model, one 
can find a continuous slippage and the associated unstable SF on 
V4 layers at 0.067 strain.  
In more detail, Figure 3b-d show negligible changes of VdW 
length and lattice energy in deformed Te1 layers, which further 
confirms the forming and removing of an unstable SF in absence of 
bond strengthening. It is clearly a slight and smooth structural 
evolution that hardly reforms the present HBS, and the lattice order 
may be even recovered after this slipping (e.g. remarkable order 
protection without LPD). Moreover, the recovered region is still 
able to slip for bearing more strain until cleavage or bond 
strengthening, i.e. selective slips alternately occur at 0.067 and 
0.185 strain on this same layer of V4 (and at 0.14 strain on another 
layer V3, see Figure 3b-c and S6). Despite a fracture configuration 
similar to that of PPP model (Figure S6 and 1f), the structural 
evolution tuned by surfaces results in different mechanical 
performance. For few changes of Bi2Te3 HBS on the same load 
condition, the multiple peaks in Figure 3a can share a close value of 
about 0.6 GPa until 0.185 strain, indicating a good stability of 
properties during large deformation.  
The enhanced performance of nanostructured Bi2Te3 mentioned 
above should be ascribed to the intensified interaction between SB 
and defect (particularly the order protection of VdW bonded Te1 
layers) by the surface effect at the size of ultrafine grains. In other 
words, there is also a synergy of line and planar defects to promote 
slipping and destabilize SF, which belongs to defect engineering 
strategy widely used in high    materials.21, 48, 49 
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Unloading simulation is carried out to further study the surface 
effect on this synergetic evolution. At the elastic stage, for example, 
less than 0.06 strain, the unloading stress-strain curve is almost 
coincided with that of loading (Figure 4a), since it is simply a 
temporary (rather than permanent) deformation. Herein VdW 
bonds will be gradually stretched during loading without breaking 
or reforming, and then fully recovered after unloading. Surprisingly, 
if PSP model is unloaded after the continuous slippage (e.g. 0.08 
strain), the symmetry of the stress-strain curve in Figure 4a will hint 
a similar structural evolution with the applied load in the opposite 
direction. Figure S8 indicates that an unstable SF occurs at 0.07 
unload strain and then disappears around 0.075 on the same Te1 
layers of V4 where the lattice order has been recovered through a 
continuous slippage at 0.067 load strain (Figure 3c). During this 
slipping, the Te1-Te1 coordination number measurement 
demonstrates an unnoticeable and recoverable stretch of the 
corresponding VdW bonds, resulting in the temporary energy 
increase of about 8 eV that cannot reach the condition of SF 
stability in the adopted model, i.e. a reduction over 82 eV (Figure 
4c-d). And the Bi2Te3 HBS is well recovered after unloading, 
exhibiting nearly the same configuration to that in the initial state 
(Figure 4b and S8). For comparison, the unloading of ideal crystal 
clearly displays an irreversible process with LPD. If PPP model is 
unloaded at 0.06 strain, the SF occurring at 0.053 load strain will 
remain ultimately, while another two stable SFs form alternately on 
different layers at 0.01 and 0.044 unload strain (Figure S7).  
Further confirmed by unloading simulations, it is the tailored 
surface effects at given nanocrystal size that facilitates the 
“reproduced” process including a continuous slippage on the same 
layer and at similar strain without VdW strengthening. This means 
even during large strain beyond elastic stage, the intensified 
interaction between VdW SB and strain-induced defect may still 
exhibit a (quasi) reversible deformation that is much desired in 
flexible TE materials. In particular, for the notably suppressed LPD 
of stable SF left behind compared with PPP model (Figure 1 and 
S7), it could be regarded as incomplete plasticity or peculiar 
elasticity such as the reversible stress-induced phase transformation 
and incipient kink bands.50, 51 
Therefore, the predicted synergy of SB and defect gives a 
perspective in both the scales of electron and lattice to measure the 
sophisticated evolution of local configuration despite some 
necessary approximation of micro-dynamics using force field 
simulation. We find out that in Bi2Te3 HBS under shear loads, VdW 
between Te1-Te1 adjacent layers can work as SB that dissipates 
energy during alternating slips. In more detail, VdW bonds will 
probably undergo self-healing and strengthening besides 
weakening and breaking, while they can also tune the strain-
induced defects such as dislocation and SF via the bond length and 
strength. The synergetic interaction between SB and strain-induced 
defect, which can be enhanced by preset surfaces, has the ability to 
partly compensate for the mechanical degradation caused by 
cumulative disadvantage of structure softening. By this means, 
Bi2Te3 HBS tends to hold integrity during deformation and bear a 
relatively large strain before fracture, likely leading to the stated 
improvement of mechanical performance23, 24 in view of proper 
microstructure design aimed at desired configurational evolution. 
For instance, given LPD caused by stable SF, VdW strengthening 
through planar defects34 (together with grain boundary-mediated 
processes and/or dynamic recrystallization) may provide the 
feasibility of brittle-ductile transition of bulk TE materials, 
particularly those in favor of ultrafine grains with high-density 
defects such as the hot pressed polycrystalline Bi2Te3 alloys.23 On 
the other hand, primarily owing to reversible sacrifice of VdW, the 
enhanced order protection of Bi2Te3 HBS likely facilitates 
performance stability and even reversible process during large 
deformation. This appears possible using a framework through 
nanocompositing such as the flexible TE material comprising 
highly ordered Bi2Te3 nanocrystals anchored on SWCNT.24 
Nevertheless, for further understanding the micromechanics and 
better tuning the deformability of this TE semiconductor, it is 
worth to carry out systematic research including the influence of 
different preset defects and load conditions. 
4. CONCLUSION  
In summary, we modeled the mechanical behavior of Bi2Te3 
layered HBS during large shear deformation including the surface 
effect. The MD calculations demonstrate that the synergetic 
behavior of reversible dynamic VdW and strain-induced defects 
tends to promote the multilevel evolution of local structures of 
electron and lattice, which can probably compensate for the 
mechanical degradation caused by structure softening and thereby 
achieve a relatively large strain before fracture. In addition, we 
believe this spontaneous evolution in (nano) crystal gives an 
insight into the way that may greatly improve the deformability of 
brittle Bi2Te3 semiconductor without disturbing TE efficiency too 
much.21, 23, 24 Furthermore, together with the further understanding 
of the role of chemical bond hierarchy and defect engineering 
strategy on TE property,10, 48 it opens up the possibility to design 
inorganic TE materials with excellent overall performance through 
multi-scale hierarchical structure,20, 52 which will vigorously 
promote the TE application of mass production and wearable 
devices. 
ASSOCIATED CONTENT  
Supporting Information  
The Supporting Information is available free of charge on the ACS 
Publications website at http://pubs.acs.org. 
Detailed information on molecular dynamics simulation and 
microstructure identification for Bi2Te3 crystals; supplemental 
results of shear deformation including the unloading process of 
ideal crystal and the effects of different model sizes and surface 
directions on nanocrystal.  
AUTHOR INFORMATION 
Corresponding Author 
*William A. Goddard III. E-mail: wagoddard3@gmail.com 
*Guodong Li. E-mail: guodonglee@whut.edu.cn 
ORCID 
Ben Huang: 0000-0002-5676-8225 
William A. Goddard III: 0000-0003-0097-5716 
Guodong Li: 0000-0002-4761-6991 
Notes 
The authors declare no competing financial interest. 
ACKNOWLEDGMENT  
Page 6 of 13
ACS Paragon Plus Environment
ACS Applied Energy Materials
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  
7 
This work is financially supported by the National Natural Science 
Foundation of China (No. 51772231 and 51972253) and the 
Fundamental Research Funds for the Central Universities (WUT: 
2019IVA117). We acknowledge Sandia National Laboratories for 
distributing the open source MD code LAMMPS. 
REFERENCES 
(1) Snyder, G. J.; Toberer, E. S., Complex thermoelectric materials. Nat. 
Mater. 2008, 7, 105. 
(2) Han, C.; Sun, Q.; Li, Z.; Dou, S. X., Thermoelectric enhancement of 
different kinds of metal chalcogenides. Adv. Energy Mater. 2016, 6, (15), 
1600498. 
(3) Nolas, G. S.; Morelli, D. T.; Tritt, T. M., Skutterudites: A phonon-
glass-electron crystal approach to advanced thermoelectric energy 
conversion applications. Annu. Rev. Mater. Sci 1999, 29, (1), 89-116. 
(4) Takabatake, T.; Suekuni, K.; Nakayama, T.; Kaneshita, E., Phonon-
glass electron-crystal thermoelectric clathrates : Experiments and theory. 
Rev. Mod. Phys. 2014, 86, (2), 669-716. 
(5) Beekman, M.; Morelli, D. T.; Nolas, G. S., Better thermoelectrics 
through glass-like crystals. Nat. Mater. 2015, 14, 1182. 
(6) Sootsman, J. R.; Chung, D. Y.; Kanatzidis, M. G., New and old 
concepts in thermoelectric materials. Angew. Chem. Int. Edit. 2009, 48, 
(46), 8616-8639. 
(7) Poudel, B.; Hao, Q.; Ma, Y.; Lan, Y.; Minnich, A.; Yu, B.; Yan, X.; 
Wang, D.; Muto, A.; Vashaee, D.; Chen, X.; Liu, J.; Dresselhaus, M. S.; 
Chen, G.; Ren, Z., High-thermoelectric performance of nanostructured 
bismuth antimony telluride bulk alloys. Science 2008, 320, (5876), 634-638. 
(8) Xie, W.; Tang, X.; Yan, Y.; Zhang, Q.; Tritt, T. M., Unique 
nanostructures and enhanced thermoelectric performance of melt-spun 
BiSbTe alloys. Appl. Phys. Lett. 2009, 94, (10), 102111. 
(9) Hellman, O.; Broido, D. A., Phonon thermal transport in Bi2Te3 
from first principles. Phys. Rev. B 2014, 90, (13), 134309. 
(10) Yang, J.; Wang, Y.; Yang, H.; Tang, W.; Yang, J.; Chen, L.; Zhang, 
W., Thermal transport in thermoelectric materials with chemical bond 
hierarchy. J. Phys: Condens. Matter 2019, 31, (18), 183002. 
(11) Ying, P.; Li, X.; Wang, Y.; Yang, J.; Fu, C.; Zhang, W.; Zhao, X.; 
Zhu, T., Hierarchical chemical bonds contributing to the intrinsically low 
thermal conductivity in α-MgAgSb thermoelectric materials. Adv. Funct. 
Mater. 2017, 27, (1), 1604145. 
(12) Qiu, W.; Xi, L.; Wei, P.; Ke, X.; Yang, J.; Zhang, W., Part-crystalline 
part-liquid state and rattling-like thermal damping in materials with 
chemical-bond hierarchy. Proc. Natl. Acad. Sci. 2014, 111, (42), 15031-
15035. 
(13) Tan, G.; Zhao, L. D.; Kanatzidis, M. G., Rationally designing high-
performance bulk thermoelectric materials. Chem. Rev. 2016, 116, (19), 
12123-12149. 
(14) Zhao, L. D.; Lo, S. H.; Zhang, Y.; Sun, H.; Tan, G.; Uher, C.; 
Wolverton, C.; Dravid, V. P.; Kanatzidis, M. G., Ultralow thermal 
conductivity and high thermoelectric figure of merit in SnSe crystals. 
Nature 2014, 508, (7496), 373-377. 
(15) Shi, X.; Chen, H.; Hao, F.; Liu, R.; Wang, T.; Qiu, P.; Burkhardt, U.; 
Grin, Y.; Chen, L., Room-temperature ductile inorganic semiconductor. 
Nat. Mater. 2018, 17, (5), 421-426. 
(16) Zheng, Y.; Zhang, Q.; Su, X.; Xie, H.; Shu, S.; Chen, T.; Tan, G.; 
Yan, Y.; Tang, X.; Uher, C.; Snyder, G. J., Mechanically robust BiSbTe 
alloys with superior thermoelectric performance: A case study of stable 
hierarchical nanostructured thermoelectric materials. Adv. Energy Mater. 
2014, 5, (5), 1401391. 
(17) Bae, K. H.; Choi, S.-M.; Kim, K.-H.; Choi, H.-S.; Seo, W.-S.; Kim, 
I.-H.; Lee, S.; Hwang, H. J., Power-generation characteristics after vibration 
and thermal stresses of thermoelectric unicouples with CoSb3/Ti/Mo(Cu) 
interfaces. J. Electron. Mater. 2015, 44, (6), 2124-2131. 
(18) Siddique, A. R. M.; Mahmud, S.; Heyst, B. V., A review of the state 
of the science on wearable thermoelectric power generators (TEGs) and 
their existing challenges. Renew. Sust. Energ. Rev. 2017, 73, 730-744. 
(19) Wu, H.; Huang, Y.; Xu, F.; Duan, Y.; Yin, Z., Energy harvesters for 
wearable and stretchable electronics: From flexibility to stretchability. Adv. 
Mater. 2016, 28, (45), 9881-9919. 
(20) Biswas, K.; He, J.; Blum, I. D.; Wu, C. I.; Hogan, T. P.; Seidman, D. 
N.; Dravid, V. P.; Kanatzidis, M. G., High-performance bulk 
thermoelectrics with all-scale hierarchical architectures. Nature 2012, 489, 
(7416), 414-418. 
(21) Xu, Z.; Wu, H.; Zhu, T.; Fu, C.; Liu, X.; Hu, L.; He, J.; He, J.; Zhao, 
X., Attaining high mid-temperature performance in (Bi,Sb)2Te3 
thermoelectric materials via synergistic optimization. NPG Asia Mater. 
2016, 8, (9), e302-e310. 
(22) Zhao, L. D.; Zhang, B. P.; Li, J. F.; Zhang, H. L.; Liu, W. S., 
Enhanced thermoelectric and mechanical properties in textured n-type 
Bi2Te3 prepared by spark plasma sintering. Solid State Sci. 2008, 10, (5), 
651-658. 
(23) Shen, J. J.; Zhu, T. J.; Zhao, X. B.; Zhang, S. N.; Yang, S. H.; Yin, Z. 
Z., Recrystallization induced in situ nanostructures in bulk bismuth 
antimony tellurides: a simple top down route and improved thermoelectric 
properties. Energ. Environ. Sci. 2010, 3, (10), 1519-1523. 
(24) Jin, Q.; Jiang, S.; Zhao, Y.; Wang, D.; Qiu, J.; Tang, D.-M.; Tan, J.; 
Sun, D.-M.; Hou, P.-X.; Chen, X.-Q.; Tai, K.; Gao, N.; Liu, C.; Cheng, H.-
M.; Jiang, X., Flexible layer-structured Bi2Te3 thermoelectric on a carbon 
nanotube scaffold. Nat. Mater. 2019, 18, (1), 62-68. 
(25) Huang, B.; Yang, X.; Liu, L.; Zhai, P., Effects of Van der Waals 
bonding on the compressive mechanical behavior of bulk Bi2Te3: A 
molecular dynamics study. J. Electron. Mater. 2015, 44, (6), 1668-1673. 
(26) Tong, Y.; Yi, F. J.; Liu, L. S.; Zhang, Q. J., Molecular dynamics 
simulation of mechanical properties of single-crystal bismuth telluride 
nanowire. J. Electron. Mater. 2010, 39, (9), 1730-1734. 
(27) Huang, B.; Zhai, P. C.; Liu, L. S., Molecular dynamics study on 
shear property of single-crystal Bi2Te3. Mater. Sci. Forum 2014, 787, 198-
204. 
(28) Huang, B.; Li, G.; Yang, X.; Zhai, P., Capturing anharmonic and 
anisotropic natures in the thermotics and mechanics of Bi2Te3 
thermoelectric material through an accurate and efficient potential. J. Phys. 
D: Appl. Phys. 2019, 52, (42), 425303. 
(29) Li, G.; An, Q.; Morozov, S. I.; Duan, B.; Goddard, W. A.; Zhai, P.; 
Zhang, Q.; Jeffrey Snyder, G., Mechanical softening of thermoelectric 
semiconductor Mg2Si from nanotwinning. Scripta Mater. 2018, 157, 90-94. 
(30) Li, G. D.; An, Q.; Li, W. J.; Goddard, W. A.; Zhai, P. C.; Zhang, Q. 
J.; Snyder, G. J., Brittle failure mechanism in thermoelectric skutterudite 
CoSb3. Chem. Mater. 2015, 27, (18), 6329-6336. 
(31) Li, G.; An, Q.; Goddard, W. A.; Hanus, R.; Zhai, P.; Zhang, Q.; 
Snyder, G. J., Atomistic explanation of brittle failure of thermoelectric 
skutterudite CoSb3. Acta Mater. 2016, 103, 775-780. 
(32) Huang, M.; Yang, X.; Chen, G.; Li, G.; Zhai, P., Molecular 
dynamics simulations of the effects of nanopores on mechanical behavior in 
the Mg2Sn system. Comp. Mater. Sci. 2019, 161, 177-189. 
(33) Li, G.; Aydemir, U.; Duan, B.; Agne, M. T.; Wang, H.; Wood, M.; 
Zhang, Q.; Zhai, P.; Goddard, W. A.; Snyder, G. J., Micro- and 
macromechanical properties of thermoelectric lead chalcogenides. ACS 
Appl. Mater. Inter. 2017, 9, (46), 40488-40496. 
(34) Li, G. D.; Aydemir, U.; Morozov, S. I.; Wood, M.; An, Q.; Zhai, P.; 
Zhang, Q.; Goddard, W. A.; Snyder, G. J., Superstrengthening Bi2Te3 
through nanotwinning. Phys. Rev. Lett. 2017, 119, (8), 085501. 
(35) Li, G.; An, Q.; Morozov, S. I.; Duan, B.; Goddard, W. A.; Zhang, Q.; 
Zhai, P.; Snyder, G. J., Ductile deformation mechanism in semiconductor 
α-Ag2S. npj Comput. Mater. 2018, 4, (1), 44. 
(36) Tang, D.-M.; Kvashnin, D. G.; Najmaei, S.; Bando, Y.; Kimoto, K.; 
Koskinen, P.; Ajayan, P. M.; Yakobson, B. I.; Sorokin, P. B.; Lou, J.; 
Golberg, D., Nanomechanical cleavage of molybdenum disulphide atomic 
layers. Nat. Commun. 2014, 5, 3631. 
(37) Fantner, G. E.; Oroudjev, E.; Schitter, G.; Golde, L. S.; Thurner, P.; 
Finch, M. M.; Turner, P.; Gutsmann, T.; Morse, D. E.; Hansma, H.; 
Page 7 of 13
ACS Paragon Plus Environment
ACS Applied Energy Materials
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
  
8 
Hansma, P. K., Sacrificial bonds and hidden length: Unraveling molecular 
mesostructures in tough materials. Biophys. J. 2006, 90, (4), 1411-1418. 
(38) Zhou, X.; Guo, B.; Zhang, L.; Hu, G.-H., Progress in bio-inspired 
sacrificial bonds in artificial polymeric materials. Chem. Soc. Rev. 2017, 46, 
(20), 6301-6329. 
(39) Fratzl, P., Biomimetic materials research: what can we really learn 
from nature's structural materials? J. R. Soc. Interface 2007, 4, (15), 637-
642. 
(40) Thompson, J. B.; Kindt, J. H.; Drake, B.; Hansma, H. G.; Morse, D. 
E.; Hansma, P. K., Bone indentation recovery time correlates with bond 
reforming time. Nature 2001, 414, (6865), 773-776. 
(41) Plimpton, S., Fast parallel algorithms for short-range molecular 
dynamics. J. Comput Phys. 1995, 117, (1), 1-19. 
(42) Liu, Y.; Zhang, Y.; Ortega, S.; Ibáñez, M.; Lim, K. H.; Grau-
Carbonell, A.; Martí-Sánchez, S.; Ng, K. M.; Arbiol, J.; Kovalenko, M. V.; 
Cadavid, D.; Cabot, A., Crystallographically textured nanomaterials 
produced from the liquid phase sintering of BixSb2–xTe3 nanocrystal 
building blocks. Nano Lett. 2018, 18, (4), 2557-2563. 
(43) Cao, A.; Wei, Y.; Mao, S. X., Alternating starvation of dislocations 
during plastic yielding in metallic nanowires. Scripta Mater. 2008, 59, (2), 
219-222. 
(44) Youssef, K. M.; Scattergood, R. O.; Murty, K. L.; Horton, J. A.; 
Koch, C. C., Ultrahigh strength and high ductility of bulk nanocrystalline 
copper. Appl. Phys. Lett. 2005, 87, (9), 091904. 
(45) Yu, Q.; Qi, L.; Mishra, R. K.; Li, J.; Minor, A. M., Reducing 
deformation anisotropy to achieve ultrahigh strength and ductility in Mg at 
the nanoscale. Proc. Natl. Acad. Sci. 2013, 110, (33), 13289-13293. 
(46) Schiøtz, J.; Di Tolla, F. D.; Jacobsen, K. W., Softening of 
nanocrystalline metals at very small grain sizes. Nature 1998, 391, 561. 
(47) Tong, Y.; Yi, F.; Liu, L.; Zhai, P.; Zhang, Q., Molecular dynamics 
study of mechanical properties of bismuth telluride nanofilm. Physica B 
2010, 405, (15), 3190-3194. 
(48) Liu, Y.; Zhou, M.; He, J., Towards higher thermoelectric 
performance of Bi2Te3 via defect engineering. Scripta Mater. 2016, 111, 
(1), 39-43. 
(49) Li, X.; Lu, K., Playing with defects in metals. Nat. Mater. 2017, 16, 
700-701. 
(50) Barsoum, M. W.; Zhen, T.; Kalidindi, S. R.; Radovic, M.; 
Murugaiah, A., Fully reversible, dislocation-based compressive deformation 
of Ti3SiC2 to 1 GPa. Nat. Mater. 2003, 2, (2), 107-111. 
(51) Hao, Y. L.; Li, S. J.; Sun, S. Y.; Zheng, C. Y.; Yang, R., Elastic 
deformation behaviour of Ti–24Nb–4Zr–7.9Sn for biomedical 
applications. Acta Biomater. 2007, 3, (2), 277-286. 
(52) Begley, M. R.; Gianola, D. S.; Ray, T. R., Bridging functional 
nanocomposites to robust macroscale devices. Science 2019, 364, (6447), 
1250. 
 
 
 
 
For Table of Contents Only 
 
 
 
 
Page 8 of 13
ACS Paragon Plus Environment
ACS Applied Energy Materials
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
 Figure 1. Deformation behavior of ideal crystal Bi2Te3. (a) Bi2Te3 layered hierarchical bonding structure. (b) 
The stress-strain relationships under shear deformation along various slip systems. Atomic configurations 
within (0001)〈12 10〉 slip system, i.e. PPP model: (c) initial structure before shearing, (d) structure at 
0.053 strain with a stacking fault (SF) forming, (e) structure at 0.08 strain with more stacking faults on 
different Te1 layers, and (f) structure at failure stain 0.2 with a cleavage (CL). The Te1 adjacent layers 
bonded by VdW are labeled as “V1-V6” along z axis. 
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 Figure 2. Local deformation within (0001)〈12 10〉 slip system in ideal crystal: (a) Te1 atomic trajectory 
with allowed Burgers during slipping. (b) The coordination number for the paired atoms, while the 
corresponding configurations at point a, b, c and d are shown in Figure 1c-f. 
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 Figure 3. Deformation behavior of nanocrystal Bi2Te3 along (0001)〈12 10〉 system with surfaces normal to 
[12 10] direction. (a) The stress-strain relationships with and without surfaces, i.e. PSP and PPP model, 
respectively. (b) The related energy of the whole lattice and parts of deformed Te1 layers. (c) The extracted 
configurations of deformed Te1 layers at point a, b and c. (d) The corresponding Te1-Te1 coordination 
number of deformed layers. 
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 Figure 4. Unload behavior of nanocrystal Bi2Te3 along (0001)〈12 10〉 system with surfaces normal to [12 
10] direction. (a) The stress-strain relationships in loading and unloading process. (b) The radial distribution 
function of paired Te1 atoms, i.e. VdW length distribution before loading and after unloading. (c) The related 
energy of the whole lattice and the slipping Te1 layers. (d) The corresponding Te1-Te1 coordination number 
with strain and the local configuration during slipping, while the whole recovered configuration after 
unloading is displayed in Figure S8. 
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